Previous studies have shown that exposure to stressful events can enhance fear memory and anxiety-like behavior as well as increase synaptic plasticity in the rat basolateral amygdala (BLA). We have evidence that repeated unpredictable shock stress (USS) elicits a long-lasting increase in anxiety-like behavior in rats, but the cellular mechanisms mediating this response remain unclear. Evidence from recent morphological studies suggests that alterations in the dendritic arbor or spine density of BLA principal neurons may underlie stress-induced anxiety behavior. Recently, we have shown that the induction of longterm potentiation (LTP) in BLA principal neurons is dependent on activation of postsynaptic D1 dopamine receptors and the subsequent activation of the cyclic adenosine 5′-monophosphate (cAMP)-protein kinase A (PKA) signaling cascade. Here, we have used in vitro whole-cell patch-clamp recording from BLA principal neurons to investigate the long-term consequences of USS on their morphological properties and synaptic plasticity. We provided evidence that the enhanced anxiety-like behavior in response to USS was not associated with any significant change in the morphological properties of BLA principal neurons, but was associated with a changed frequency dependence of synaptic plasticity, lowered LTP induction threshold, and reduced expression of phosphodiesterase type 4 enzymes (PDE4s). Furthermore, pharmacological inhibition of PDE4 activity with rolipram mimics the effects of chronic stress on LTP induction threshold and baseline startle. Our results provide the first evidence that stress both enhances anxiety-like behavior and facilitates synaptic plasticity in the amygdala through a common mechanism of PDE4-mediated disinhibition of cAMP-PKA signaling.
Introduction
Chronic stress has been associated with precipitation of anxiety, depression, and other mood-related disorders. Great therapeutic potential, therefore, exists in identifying the molecular mechanisms encoding the effects of chronic stress in the brain. Previous studies have shown that exposure to acute or chronic stressful events facilitates memory formation in classical conditioning tasks, including fear conditioning (Shors et al. 1992; Beylin and Shors 1998; Cordero et al. 2003) , and fear memory (Rau et al. 2005; Rodriguez Manzanares et al. 2005) . The basolateral amygdala (BLA) is a key site that mediates the formation of fearful memories (LeDoux 1993; Rogan et al. 1997; Blair et al. 2001) . Clinical evidence indicates that stressrelated affective disorders are associated with a higher level of basal activity in the basolateral amygdala (BLA) (Abercrombie et al. 1998; Drevets 1999) and exaggerated responses to fearful stimuli (Rauch et al. 2000; Villarreal and King 2001) . Experimental evidence in rodents is consistent with this presentation, showing that stress causes hyperexcitability (Rosenkranz et al. 2010 ) and enhances synaptic connectivity (Vyas et al. 2006) in the rat BLA. Moreover, exposure to acute stress facilitates synaptic plasticity in the BLA (Rodriguez Manzanares et al. 2005; Vouimba et al. 2004) . Together this evidence indicates that exposure to stress can enhance fear and anxiety-like behavior as well as facilitate synaptic plasticity in the BLA, but the cellular mechanisms which mediate those responses remain unclear.
Our lab has recently shown that the induction of longterm potentiation (LTP) in BLA principal neurons is dependent on activation of postsynaptic D 1 dopamine receptors and the subsequent activation of the cAMP-PKA signaling cascade (Li et al. 2011) . We have also shown that D 1 receptors are enriched in the spines of BLA principal neurons where they interact directly with NMDA receptors to facilitate synaptic plasticity (Pickel et al. 2006) . One of the enzymes critical to controlling the intracellular concentration of cAMP is the phosphodiesterase 4 family (PDE4), a large family of enzymes that includes the PDE4A, B, C, and D subtypes, which convert cyclic AMP to linear 5′-AMP. Evidence suggests PDE4s act as a high-affinity sink for cAMP, preventing unfettered diffusion and leading to tightly compartmentalized cAMP signaling (Baillie and Houslay 2005; Li et al. 2009; Terrin et al. 2006) . This is enabled by the macromolecular complex PDE4s associate with, including A-kinase-anchoring protein, DISC1, and β-arrestin, which collaborate to control the dynamics of cAMP signaling in dendritic spines. As a result, PDE4s are perfectly situated to mediate stress-induced alterations to synaptic plasticity and behavior. Interestingly, PDE4D knock out animals show enhanced LTP and impaired learning using a conditioned fear paradigm (Rutten et al. 2008) , whereas PDE4B knock out animals shows enhanced long-term depression (LTD), impaired reversal learning in the Morris water maze, and an anxiety-like phenotype (Rutten et al. 2011; Zhang et al. 2008) .
Recent studies have suggested that alterations to dendritic morphology and spine density in the BLA may underlie the stress-induced changes of anxiety behavior and synaptic plasticity (Mitra et al. 2005; Vyas et al. 2002) . In this study, we have performed detailed morphological reconstructions of individual physiologically identified BLA principal neurons to provide a new perspective on this hypothesis, and built on our previous work on molecular mechanisms in BLA plasticity to explore the hypothesis that PDE4s may play a role in regulating the effects of stress on synaptic plasticity and anxiety behavior.
Methods

Animals
Sprague-Dawley rats were group housed, kept on an artificial 12:12-h light cycle, kept at 22 °C, and given access to water and food ad libitum. All experimental protocols conform to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals, and were approved by the Institutional Animal Care and Use Committee of Emory University.
Slice physiology
To enable neuronal reconstructions at each time point, we performed whole-cell patch-clamp to identify BLA principal neurons based on electrophysiological properties as described previously (Ehrlich et al. 2012) and to visualize neurons, biocytin (0.35%, Sigma-Aldrich, St Louis, MO, USA) was included in the patch recording solution. Acute brain slices containing the BLA were obtained as previously described (Rainnie 1999) . Briefly, animals were decapitated under isoflurane anesthesia (Fisher Scientific, Hanoverpark, IL, USA). Then the brains were rapidly removed and immersed in ice cold "cutting solution", perfused with 95%-oxygen/5%-carbon dioxide gas and composed of (in mM): NaCl (130), NaHCO3 (30), KCl (3.50), KH2PO4 (1.10), MgCl2 (6.0), CaCl2 (1.0), glucose (10), ascorbate (0.4), thiourea (0.8), sodium pyruvate (2.0), and kynurenic acid (2.0). Slices were prepared at 350 µm using a Leica VTS-1000 vibrating-blade microtome (Leica Microsystems Inc., Bannockburn, IL, USA). Slices were kept in oxygenated cutting solution at 32 °C for 1 h before transferring to regular artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl (130), NaHCO3 (30), KCl (3.50), KH2PO4 (1.10), MgCl2 (1.30), CaCl2 (2.50), glucose (10), ascorbate (0.4), thiourea (0.8) and sodium pyruvate (2.0), at room temperature.
Patch-clamp recording
Individual slices were transferred to a submersion-type recording chamber mounted on the fixed stage of a Leica DM6000 FS microscope (Leica Microsystems Inc., Bannockburn, IL, USA), and continuously perfused by gravity-fed oxygenated 32 °C ACSF at a flow rate of 1-2 ml/ min. Slices were viewed using differential interference contrast (DIC) optics and infrared (IR) illumination with an IR sensitive CCD camera (Orca-flash2.8, Hamamatsu, Tokyo, Japan). Thin-walled borosilicate glass patch electrodes (WPI, Sarasota, FL, USA), which had a resistance of 4-6 MΩ, were filled with a patch solution containing (in mM): K + -gluconate (130), KCl (2), HEPES (10), MgCl 2 (3), K-ATP (2), Na-GTP (0.2), and phosphocreatine (5), adjusted to pH 7.3 with KOH, and having an osmolarity of 280-290 mOsm. Individual BLA projection neurons were visualized in situ using DIC microscopy in combination with a 40x water immersion objective and displayed in real time on a computer monitor. Projection neurons were identified according to their characteristic size and shape (Rainnie et al. 1993) , and were normally located between 50 and 120 µM beneath the surface of the slice. Data acquisition and analysis were performed using a MultiClamp700B amplifier in conjunction with pClamp 10.2 software and a DigiData 1320A AD/DA interface (Molecular Devices (MDC), Sunnyvale, CA, USA). Whole-cell patch-clamp recordings were obtained and recorded voltages were low-pass filtered at 5 kHz and digitized at 10-20 kHz. At the start of each experiment, a series of standardized current clamp protocols were performed to validate the identity of BLA projection neurons.
To examine the frequency-response curve of synaptic plasticity in BLA projection neurons, pharmacologically isolated excitatory postsynaptic potentials (eEPSPs) were evoked as previously described (Li et al. 2011; Braga et al. 2004) . In brief, a concentric bipolar stimulation electrode (FHC, Bowdoinham, ME, USA) was placed approximately 500 µm from the recorded neuron, close to the fiber tract of the external capsule immediately adjacent to the BLA (Fig. 3a) . In all experiments, 50 µM picrotoxin was added to the patch solution to block GABA A currents exclusively in the recorded neuron. In addition, slices were continuously perfused with oxygenated ACSF (32 °C) containing the GABA B receptor antagonist CGP36742 (2 µM). This recording configuration allowed stable recording of isolated EPSPs without contamination from epileptiform, recurrent EPSPs.
EPSPs were evoked at 0.05 Hz and adjusted to 30% of the maximal response, and those eEPSPs obtained 10 min immediately before drug treatment were considered as baseline. All EPSPs evoked during and after treatments were normalized to the mean baseline amplitude and expressed as a percentage of baseline amplitude. For LTD and LTP experiments, recordings continued for at least 40 min after the induction protocol terminated. The protocols used to induce LTD were: low-frequency stimulation (LFS) using 900 stimuli at 1 Hz. As previously reported, LTP was induced using a 5 × 100 Hz protocol, which consisted of five trains of stimulation at 100 Hz for 1-s duration, applied at 20 s intervals. A 2 × 100 Hz protocol was used as a subthreshold protocol to examine the effects of drug treatment on LTP threshold (Li et al. 2011) . Intermediate stimulation frequencies consisted of 900 stimulation pulses at 5, 10, and 30 Hz. A DC holding current was injected to maintain the membrane potential at − 70 mV, except during HFS when the potential was adjusted to − 60 mV.
Morphological reconstructions
A subset of patched neurons were labeled with biocytin (Sigma-Aldrich, St Louis, MO, USA) included in the patch pipette recording solution. Reconstructions and analysis were conducted as previously described (Ryan et al. 2014 ), but briefly: after neurons were recorded for at least 15 min, slices were fixed in 10% buffered formalin (Fisher Scientific, Hanoverpark, IL, USA) for 12-72 h, and then transferred to cryoprotectant for storage at − 20 C. Tissue was washed, permeabilized, and treated with Alexa Fluor 488-conjugated Streptavidin (Invitrogen, Grand Island, New York, USA) diluted to 1:1000 in PBS with Triton X-100 overnight at room temperature. Slices were then washed again and mounted on glass slides, air-dried, and cover-slipped with mowiol mounting medium (Sigma-Aldrich, St Louis, MO, USA).
For morphological analysis, the dendritic arbor of each neuron was first reconstructed by hand using Neurolucida neuron tracing software (MicroBrightField, Colchester, VT) from single z stack images taken at 10x magnification with a 0.4 µm step size using a Leica DM5500B spinning disk confocal microscope (Leica Microsystems Inc., Bannockburn, IL, USA) and SimplePCI data acquisition software (Compix, Sewickley, PA). Quantitative analysis of reconstructions was performed using Neurolucida Explorer (MicroBrightField). Dendritic length and branching were analyzed in Neurolucida Explorer using Sholl analyses with ring radius increments of 2 µm, and data were analyzed in Matlab (The MathWorks, Natick, MA, USA). To estimate the average spine density for BLA principal neurons, we manually counted dendritic spines with Neurolucida on image stacks of dendrite segments taken at 100x magnification. For each neuron, spines were counted by a blinded experimenter on 10 non-overlapping dendritic segments. Each segment spanned 50 µm and was centered on 1 of 10 points in the dendritic arbor chosen pseudo-randomly by a custom Matlab script (available upon request), making the selections agnostic to branch order or distance from soma. All protrusions were counted as spines. Total spine number was estimated for each neuron individually using the product of average spine density and aggregate dendritic length, defined as the sum of the lengths of all dendritic segments.
Acoustic startle test
In the acoustic startle response (ASR), rats were placed in an acoustic startle chamber for 5 min prior to testing to acclimatize the animals to the chambers. Four rats were tested simultaneously in identical 8 × 15 × 15 cm Plexiglas and wire mesh cages, each suspended between compression springs within a steel frame located within a custom-designed sound attenuating chamber. Details of the recording apparatus have been reported previously [Sink et al., 2011; Walker and Davis 1997] . Subsequently, the ASR was measured following each of 30 acoustic stimuli. Startle responses were evoked by 50-ms 100, 105 and 110 dB white-noise bursts generated in a pseudorandom order by a Macintosh G3 computer sound file, amplified by a Radio Shack amplifier (100 W, Model MPA-200; Tandy, Fort Worth, TX, USA), and delivered through speakers located 5 cm in front of each cage. Startle amplitude was defined as the maximum peakto-peak voltage of the Instrument's output during the first 200 ms after each noise burst. The presentation and sequencing of all stimuli was under the control of a Macintosh G3 computer using custom-designed software (The Experimenter; Glassbeads Inc., Newton, CT, USA).
Repeated stress procedure and behavioral analysis
Details of the USS paradigm used in these experiments (Fig. 1a) were adapted from previous studies in rat and human (Walker et al. 2003; Moberg and Curtin 2009 ) and have been reported previously (Hazra et al. 2012) . Before administering the USS, rats, 35 days of age, were first matched for their basal anxiety level using a standard acoustic startle paradigm (see above). Animals were then divided into two cohorts of 8 animals according to their initial startle response, 8 NS rats and 8 USS rats. NS animals received exactly the same handling procedures as the USS group and were placed in the shock chamber for the same duration without being shocked.
On day 1, the USS rats were placed in the shock chamber and allowed to habituate to their environment for 5 min. Rats then received two 8-min periods of eight randomly applied footshocks (0.5 s, 0.5 mA) separated by an 8-min period of no shock. The USS paradigm was repeated on each of the following 3 days for a total of 4 consecutive days of shock stress. Each rat was shocked at approximately the same time every day (10 a.m.) to control for diurnal hormone variations. Rats in both groups were then returned to their home cages for 6 days. On the 10th day, the rats were first measured for their post-stress startle response. All animals in this study received either the USS protocol or the sham NS protocol before being allocated to either electrophysiological or genetic experiments. Animals allocated for electrophysiology experiments were used equally to collect samples for dendritic morphology and synaptic plasticity to distribute variance more evenly among animals. 
Surgery
Rats (weighing 150-200 g when surgery began) were anesthetized with isoflurane (2.5%). Guide cannula (C313G/ SPC; Plastics One, Roanoke, VA) were bilaterally implanted 1 mm above the BLA. The coordinates for the BLA were anterior/posterior, − 2.7 mm; medial/lateral, ± 5.0 mm; dorsal/ventral, − 7.9 mm. Glasslute cement was placed around the cannulae to hold each in place. Dental cement is then placed around the cannulae and screws until a secure mound is formed, which is given time to harden. A stainlesssteel stylet blocker was inserted into each cannula to keep them patent and prevent infection. The rats were allowed to recover for 5-7 days after surgery.
Drugs and infusion procedure
Rolipram (0.1 mg/ml) was prepared fresh on the day of infusion in sterile ACSF vehicle. Injection cannulae (36 gauges) (Plastics One, model C313I/SPC) were used for bilateral BLA infusions (0.5 µl/min, 1 µL total volume/side); after the infusions were completed, the injection cannulae were left in place for 2 min to allow for diffusion, where upon the stylets were placed back into the guide cannula. The dose of rolipram (0.1 mg/ml, 1 µl/side) was based on previous studies of intra-amygdala CGRP effects on fear-related behaviors. At the end of the experiments, the rats were killed by isoflurane overdose and perfused. Cannula placements were assessed using Nissl staining with a section thickness of 40 µm under light microscopy. Rats with misplaced cannulas were excluded from the statistical analysis.
Quantitative whole-tissue PCR
Whole BLA tissue was collected by microdissection from live brain slices harvested after decapitation under anesthesia, as previously described (Ehrlich and Rainnie 2015) . Total RNA purification was performed using Trizol (ThermoFisher, CA) extraction. For the reverse transcription, RNA was incubated 5 min at 65 °C with 1 µl of oligodT 20 (50 mM) and 1 µl of dNTP (10 mM; Life Technologies, CA). After 1 min on ice 1 min, the reverse transcription mix was added (2 µl of RT buffer, 2 µl of MgCl 2 50 mM, 2 µl of DTT 0.1 M and 1 µl of SuperScript III enzyme; Life Technologies, CA). The cDNA synthesis was carried at 50 °C for 50 min, followed by 5 min at 85 °C for inactivation. The cDNA was then stored at − 20 °C until used.
To test the quality of the newly synthesized cDNA, control PCRs were performed using GAPDH as positive control. The PCR was performed according to standard protocol from manufacturer [HotStart Taq polymerase (Qiagen)], with 1 µl of cDNA for template. The results were visualized on 2% agarose gel with Ethidium bromide. For qPCR, the cDNA were pre-amplified using PreAmp mix (Thermofisher) and the combination of all the taqman assays for the genes of interest. Amplification reactions (20 μl), composed of 2 μl cDNA template (1/500), Universal TaqMan MasterMix (2x concentrated, Life Technologies), TaqMan assay (see Table 1 ; 20× concentrated, Life Technologies) and H2O, were performed with the 7500 Fast Real-Time PCR System (Life Technologies) in 96-well plates. Reactions were run in triplicate. Non-template controls were used as negative controls in every experiment. GAPDH and B2M, selected using the geNorm application, were used as endogenous controls for calibration. The relative expression of mRNA was normalized to the geometric mean of the calibrators, using the ΔCt method (Vandesompele et al. 2002; Livak and Schmittgen 2001) .
Statistics
Behavior data pre-tests were compared using Students unpaired t test, two-tailed, between the control and USS group prior to group assignment to ensure that baseline startle was not significantly different. Following startle post-test, the groups were compared using two-way repeated measures ANOVA to assess effect of stress and noise amplitude. When comparing qPCR results, where variances were unequal between groups, non-parametric Mann-Whitney U tests were used to compare control and stress groups within gene, and adjusted for multiple comparisons. Significance of long-term potentiation or depression in plasticity experiments was tested by comparing the 10-min baseline to a 10-min window of measurements starting 30 min after the end of stimulation using a two-way ANOVA. Comparisons across groups of total plasticity were made between the same 10-min periods starting 30 min after stimulation.
Results
USS elicits a long-lasting increase in the baseline startle response in rats
Prior to receiving the unpredictable shock stress (USS), 16 rats were tested for their baseline acoustic startle in response to three different intensities of white noise, 100, 105, and 110 dB. The graded intensity allowed us 
to examine any alteration in the sensitivity to the startle stimulus resulting from the stress manipulation. Rats were then matched according to their startle response and placed in either the non-stress (NS) or the USS group. Consequently, at day 0 there was no significant difference in the mean startle amplitude (Fig. 1b , mean pre-test amplitude NS group = 0.39 ± 0.06 vs USS group = 0.38 ± 0.04, n = 8 respectively, p > 0.05). As illustrated in Fig. 1b , following USS, rats had a significantly increased startle response on day 10 when compared to pre-test that was not detected in age-matched litter mate controls (mean post-test amplitude NS group = 0.36 ± 0.04 vs USS group = 0.48 ± 0.05, twoway ANOVA, F (2,30) = 7.847 p < 0.01). The startle response was enhanced significantly only at 110 dB levels tested (mean post-test amplitude USS pre-test = 0.42 ± 0.04 vs USS group = 0.61 ± 0.05). These results indicate that our USS protocol successfully induced a long-lasting increase in anxiety-like behavior.
USS does not affect the morphological properties of BLA projection neurons
Previous studies have shown that, in the hippocampus and amygdala, exposure to stress can lead to growth or retraction of the dendritic arbor in the principal neurons of these brain regions (Vyas et al. 2002) . In this study, we took advantage of the whole-cell patch-clamp setup to fill individual physiologically identified BLA principal neurons with biocytin in both USS and NS animals, enabling detailed morphological reconstructions (Fig. 2a, representative reconstruction) .
We assessed total dendritic length of neurons in USS and NS animals and found no statistically significant difference ( Fig. 2b ; NS: 5677 ± 1558 µm, n = 16; USS: 6314 ± 1767 µm, n = 15, Student's unpaired t test, p > 0.05). In a subset of filled neurons, we used high-resolution 100× images to evaluate spine density (n = 6 cells per group), and found no significant difference ( Fig. 2c ; NS: 8357 ± 2447 µm; USS: 8925 ± 3172 µm, Student's unpaired t test, p > 0.05). Finally, we measured the distribution of dendritic material relative to the soma by conducting a Sholl analysis, and saw no significant difference (two-way ANOVA, p > 0.05).
USS-induced frequency-dependent changes in synaptic plasticity
We have previously shown that exposure to USS increases the frequency of spontaneous synaptic activity in BLA principal neurons (Hubert et al. 2014) , as well as elicits a longlasting enhancement in anxiety-like behavior. Moreover, previous studies have shown that stress causes hyperexcitability (Rosenkranz et al. 2010) , and even facilitates synaptic plasticity in BLA (Rodriguez Manzanares et al. 2005; Vouimba et al. 2004 ). We, therefore, investigated whether synaptic plasticity induced by a variety of different stimulation protocols might change in the BLA slices derived from NS vs USS animals. The stimulus-evoked excitatory postsynaptic potential (eEPSP) in BLA projection neurons was recorded following stimulation of the external capsule (EC). For these studies, monosynaptic eEPSPs were examined in isolation following blockade of GABA A receptor-mediated synaptic transmission (see "Methods"). The peak amplitude of eEPSP was measured and normalized to mean peak eEPSP amplitude for the 10 min baseline period before the LTP-or LTD-induction protocol.
As shown in Figs. 3b, a, 5× high frequency stimulation (HFS; 5 1-s trains at 100 Hz at 20 s intervals) induced a significant and robust LTP of the eEPSP that lasted for > 45 min in slices from both NS and USS animals ( 1 3 30 min after HFS, n = 6, 4 animals, red squares, p < 0.0001). We next examined the response of BLA projection neurons to low-frequency stimulation of the EC (1 Hz, 900 pulses), a protocol which is known to induce stable LTD in slices from NS animals (61.4 ± 8%, n = 6, 4 animals, Fig. 3c , black circles). Intriguingly, BLA projection neurons from USS animals exhibited a significant reduction in LTD compared to NS animals (95.7 ± 7%, N = 6, 4 animals, Fig. 3c , red squares, p < 0.0001). These experiments revealed deficits in synaptic plasticity in BLA slices from the USS animals. Hence, we next explored the frequency-response curve for LTD-LTP induction in NS and USS animals. Slices were stimulated using other low-frequency stimulation patterns (900 stimuli at 5 or 10 Hz), to see if the transition from LTD to LTP is altered in the USS slices, and at what frequency or time point. As shown in Fig. 3d , in NS animals 5 Hz stimulation induced a small but noticeable LTD (89.7 ± 5%, n = 7, 4 animals, Fig. 3D , black circles, p < 0.0001). In contrast, no LTD was observed in BLA projection neurons from USS animals, and 15 min after stimulus offset there was a small amount of LTP (124 ± 19% of baseline, n = 5, 3 animals, p < 0.0001, Fig. 3d , red squares). In slices from NS animals, 10 Hz stimulation had no significant net effect on the amplitude of the eEPSP (102 ± 6%, n = 5, 3 animals, Fig. 3e , black circles), whereas a long-lasting LTP was induced by 10 Hz stimulation in BLA projection neurons in USS animals (138 ± 12% of baseline, n = 5, 3 animals, p < 0.0001, Fig. 3e, red squares) . The LTD-LTP frequency-response curves for NS and USS animals are summarized in Fig. 3f . As illustrated, USS results in a significant leftward shift in the frequency response for LTP induction, and an apparent loss in LTD induction.
USS modulates the threshold of LTP induction in BLA principal neurons
We have shown that the LTP induced by 5xHFS was not changed in BLA projection neurons from USS animals; however, the stimulation frequency necessary for LTP induction in USS animals' slices was lower than in NS animals. Hence, and depression in non-stress animals which is altered by exposure to chronic stress. A summary of the effects on synaptic plasticity is shown in (f), with asterisks indicating comparisons between stress and non-stress groups after 30 min 1 3
we next examined whether USS could affect the threshold for LTP induction in BLA using a sub-threshold stimulation protocol (2 1-s trains at 100 Hz at 20 s intervals; 2xHFS) (Li et al. 2011) , which routinely fails to induce LTP in BLA projection neurons in NS animals (101 ± 7% of baseline, n = 8; Fig. 4a , black circles). Interestingly, 2xHFS induced a significant and sustained LTP in BLA principal neurons from rats exposed to USS (147 ± 13%, n = 6, p < 0.0001, Fig. 4b , red squares). Since we have shown that endogenous dopamine release and the subsequent activation of D 1 dopamine receptors are necessary for LTP induction in BLA principle neurons (Li et al. 2011) , to test if the stress-facilitated LTP also needs endogenous dopamine release and D 1 receptor activation, slices collected from stressed animals were pretreated with the D 1 receptor antagonist SCH23390 for 10 min before 2xHFS stimulation. The effect of stress to reduce LTP induction threshold was fully blocked by prior application of SCH23390 (103 ± 9% of baseline, n = 5, 3 animals, p < 0.05, USS vs USS + SCH23390; Fig. 4c ). These results suggest that USS results in increased excitability in BLA principal neurons, which in turn, facilitates the induction of LTP and that the lowered threshold of LTP induction still required endogenous dopamine release and the subsequent D 1 receptor activation.
Having confirmed the necessity of D 1 receptor activation in mediating the facilitating effect of USS on LTP induction, we next identified the possible signaling components that couple the D 1 receptor activation and the downstream cascade to exert USS effect. As we have shown that the activation of the cAMP-PKA cascade was required for the induction and maintenance of LTP in BLA principal neurons (Li et al. 2011) , we investigated the possibility that the D 1 receptor-mediated activation of cAMP-PKA cascade was essential for USS-facilitated LTP induction. To test this possibility, we first examined the effect of USS on the LTP induction by inclusion in the patch pipette of the PKA inhibitor KT5720 (100 nM). Intracellular application of KT5720 significantly attenuated 2xHFS-induced LTP in BLA principal neurons from USS animals (105 ± 7% of baseline, n = 5, 4 animals, p < 0.05, USS vs USS + KT5720; Fig. 4c ). These results suggest that the excitatory effect of USS on BLA LTP induction may due to a facilitation of the of cAMP-PKA signaling cascade. Two basic mechanisms could contribute to the facilitation of the cAMP-PKA signaling cascade; (1) the regulatory protein inhibitor-1, which in its phosphorylated form inhibits protein phosphatase-1 (PP1) could be upregulated (Blitzer et al. 1995 (Blitzer et al. , 1998 Otmakhova et al. 2000) , or the metabolism cAMP to AMP may be downregulated and thereby contribute to USS-induced facilitation of LTP induction in BLA principal neurons. However, intracellular application of the broad spectrum PP1/2A inhibitor, okadaic acid (1 µM), failed to reduce the threshold for LTP induction in response to 2xHFS (116 ± 12% of baseline, n = 6, 4 animals, Fig. 4c ). 1.8 * * Fig. 4 Threshold for potentiation is lowered by exposure to chronic stress. In non-stress animals, the 2× 100 Hz stimulation protocol is subthreshold for generating LTP (a), but produces substantial potentiation in stressed animals (b). c Enhanced LTP in stressed animals is still dependent on cAMP-PKA-dependent pathways as has been previously established Consequently, we next investigated the relative contribution of the PDE4 family to the induction of LTP.
Inhibition of PDE4 lowered the threshold of LTP induction in BLA principal neurons
Here, we used whole-cell dual patch-clamp recordings (Fig. 5a ) to investigate if application of the specific PDE4 inhibitor rolipram mimics the effect of USS on LTP induction in BLA principle neurons. Consistent with this hypothesis, intracellular application of low concentration of rolipram (100 nM) to only one of the pair of cells simultaneously recorded led to a reduced threshold for LTP induction in response to 2xHFS (153 ± 7% of baseline, n = 6, p < 0.0001, 3 animals, Fig. 5b ), whereas the cell without rolipram application failed to show LTP induction (107 ± 9% of baseline, n = 7, 3 animals, Fig. 5b , significantly reduced from rolipram p < 0.0001). Similar to the USS condition, this enhanced LTP could be almost fully blocked by pretreatment with the D 1 receptor antagonist SCH23390 (10 µM) (114 ± 7% of baseline, n = 6, 2 animals, Fig. 5c ).
USS down-regulates the mRNA expression of PDE4 isoforms to decrease cAMP degradation in BLA
The preceding results indicate that the excitatory effect of USS on LTP induction in BLA principal neurons may arise from a reduction of the metabolism of cAMP to AMP. The critical class of molecules responsible for this metabolic reaction are the PDE4s, known to be active in the BLA (Bureau et al. 2006) . To determine whether the USS affects the cAMP metabolism, which in turn could contribute to the facilitation of LTP induction, we next investigated whether the USS paradigm affected PDE4 gene expression in the BLA.
Here, we used quantitative polymerase chain reaction (qPCR) to assess transcript expression for the major families of PDE4 expressed in the BLA-PDE4A, B, and D. We found that the majority of PDE4 transcript expression in control animals are in the PDE4 B & D families, and that expression of these is significantly reduced in USS-exposed animals ( Fig. 6 ; p < 0.001; n = 10 animals in each group). Intriguingly, there was a low level of transcript expression of PDE4A in control animals, which was significantly increased following USS (p < 0.001).
Infusion of PDE4 inhibitor into BLA enhances the startle response
To determine whether diminished PDE4 activity in the BLA was sufficient to explain the increased anxiety displayed by USS animals, we infused rolipram into the BLA of control rats. Prior to receiving a rolipram infusion (0.1 mg/ml), 16 rats were tested for their baseline acoustic startle in response to 100, 105, and 110 dB white noise. Rats were then matched according to their startle response and placed in either the *** *** Fig. 5 Inhibition of PDE4 activity recapitulates the effects of stress on LTP threshold. Paired, simultaneous recordings of BLA principal neurons (a) in which one patch pipette contains rolipram, a PDE4 inhibitor, reduces the LTP threshold (b), similar to stressed animals. c Rolipram-induced reduction in LTP threshold is also D1 dependent vehicle or the rolipram infusion group. For pre-test there was no significant difference in the mean startle amplitude (Fig. 7b , mean pre-test amplitude of 110 dB vehicle group = 0.47 ± 0.06 vs rolipram group = 0.43 ± 0.05, n = 8 respectively, two-way repeated measures ANOVA, p > 0.05). As illustrated in Fig. 7c , following rolipram infusion for 1 h, rats had a significantly increased startle response compared to vehicle group (mean 1 h post-test amplitude of 110 dB vehicle group = 0.37 ± 0.04 vs mean 1 h post-test amplitude rolipram group = 0.61 ± 0.04, two-way repeated measures ANOVA, F (1,20) = 7.961, p < 0.05). The increased startle response appeared elevated at the highest decibel level after 24 h, but the effect did not reach the threshold for significance (mean 24 h post-test amplitude of 110 dB vehicle group = 0.39 ± 0.05 vs mean 24 h post-test amplitude rolipram group = 0.54 ± 0.08, two-way repeated measures ANOVA, p > 0.05, Fig. 7d ). These results indicate that bilateral infusion of rolipram into BLA caused a significant, and long-lasting, enhancement of anxiety-like behavior.
Discussion
In this study, we have shown that USS increases anxiety-like behavior in rats and is associated with facilitation of LTP induction and no significant dendritic remodeling of BLA principal neurons. Specifically, we explored the effects of USS on dendritic morphology and showed that the effects of stress on dendritic morphology are non-significant and unlikely to explain the substantial behavioral responses known to follow chronic stress manipulations. In contrast, we also explored the effects of chronic stress on neuronal physiology, showing that the activity threshold necessary to produce LTP was significantly reduced in both frequency (Fig. 3) and intensity (Fig. 4) to such an extent that LTD normally produced by low-frequency stimulation is fully occluded in USS animals. Furthermore, our data show that the facilitated LTP still required the activation of dopamine Effects of chronic stress on synaptic plasticity are mediated through PDE4
The function and physiology of the BLA are known to be sensitive to stress. Chronic stress leads to enhanced memory consolidation (Rodriguez Manzanares et al. 2005; Conrad et al. 1999; Wood et al. 2008) , and acute stress has been shown to lead to enhanced fear learning (Rau et al. 2005) , increased baseline synaptic amplitude (Vouimba et al. 2004; Kavushansky and Richter-Levin 2006) , and a reduced threshold for LTP induction (Rodriguez Manzanares et al. 2005) . Furthermore, we have previously shown that chronic stress increases the AMPA receptor expression in presumed BLA principal neurons (Hubert et al. 2014) , which could further facilitate the induction of LTP and explain the stress enhancement of baseline synaptic amplitude. Here, we used a chronic stressor and confirmed the previous reports of reduced threshold for LTP induction, but interestingly did not observe any reduction in LTP amplitude in stressed animals compared to control animals. The reduction in LTP amplitude may, therefore, be a transient effect seen only shortly after acute stressors that does not persist in the face of chronic stress. In addition, we have extended this work to demonstrate broader changes to synaptic plasticity in the BLA, showing that stress alters the BLA to both facilitate synaptic potentiation and inhibit synaptic depression in principal neurons. A similar disruption of the LTP-to-LTD balance has been reported following genetic disruption of the postsynaptic density protein 95 (PSD-95) and brain angiogenesis inhibitor 1 (BAI1), both of which are believed to form macromolecular complexes with AMPA receptors and other scaffolding proteins in the spines of glutamatergic neurons (Migaud et al. 1998; Zhu et al. 2015) . Hence, spine-specific alterations in postsynaptic signaling can play a significant role in regulating synaptic plasticity and thus memory formation. Work in the hippocampus has shown stress-induced impairment of LTP at synapses in both CA1 and CA3 appears to be mediated, at least in part, by alterations to PDE4 expression or activity level (Chen et al. 2010; Shors et al. 1990 ). This stands in interesting contrast to our own results, which show that both stress-induced and pharmacological inhibition of PDE4s lead to an enhancement of LTP in the BLA, but an opposite valence in the response would be consistent with an emerging pattern in the literature. Previous studies on stress-induced changes in dendritic morphology, show atrophy in the hippocampus and hypertrophy in the amygdala (Watanabe et al. 1992a, b; Vyas et al. 2002) , and further studies have illustrated contrasting effects of the antidepressant tianeptine on cellular physiology in amygdala vs hippocampal CA1 (Pillai et al. 2012) .
Despite the enormous interest in the PDE4 family of molecules as a possible target for therapeutic drugs, relatively little work has been done to understand the response of this important class of molecules to stress. Our study is the first to show a reduction in expression of PDE4 subtypes in the BLA in response to chronic stress. While we examined only the top-level categorization of PDE4s into the A, B, and D subtypes, each of these subtypes comprises numerous isoforms with unique characteristics and expression profiles. Further work will be necessary to address the nuances of how stress affects these isoforms with the ultimate goal of identifying isoforms well-positioned to mediate the response to chronic stress without generating undesirable side effects.
Beyond the additional detail of the numerous isoforms, further work will also be necessary to characterize the temporal dynamics of the response of the PDE4 system to chronic stress. Earlier work in other brain regions has shown a biphasic time course of PDE4 in response to a stressor similar to our own. Itoh and colleagues demonstrated that, following 3 days of stress, there is a transient reduction in adenylyl cyclase activity, PDE4 activity, and available rolipram binding sites, followed by a longer-term increase in PDE4 activity and available binding sites (Itoh et al. 2003) . Furthermore, supporting the argument of time-sensitivity is the work of Werenicz et al., who showed significant effects of rolipram administration on memory formation in highly time-dependent fashion. It is apparent that the role of PDE4 molecules in contributing to memory formation is highly dynamic and time-sensitive (Werenicz et al. 2012; Klussmann 2016) .
Dendritic remodeling as a response to stress
Chronic stress has been shown to lead to atrophy of dendritic arbor in hippocampal pyramidal neurons in CA3 (Watanabe et al. 1992a, b; Conrad et al. 1999; McEwen 2005) . This dendritic atrophy is consistent with reports of deficits in spatial memory tasks and spatial reasoning in animals exposed to chronic stress, and has been posited as a mechanism to explain these deficits. Later research extended the observation of dendritic atrophy in response to chronic stress to pyramidal neurons in layer II/III of the medial prefrontal cortex (mPFC), in this case consistent with deficits in extinction learning. Substantial attenuation was reported, particularly in higher order, distal regions of the apical dendrite in response to stressors both severe (Cook and Wellman 2004; Liu and Aghajanian 2008; Radley et al. 2004 ) and mild (Brown et al. 2005) . Atrophy of dendritic shafts and spines has even been shown to be sufficiently consistent and specific that loss of mature dendritic spines in mPFC correlates well with the severity of deficits in extinction learning (Moench et al. 2015) .
Recently, this line of inquiry has been extended to examine potential morphological consequences of chronic stress on neurons in the amygdala. Several studies have now shown similar findings, an apparent hypertrophy of dendritic material on amygdala neurons assessed with Golgi-Cox staining (Vyas et al. 2002 (Vyas et al. , 2004 Padival et al. 2013; Suvrathan et al. 2014; Cui et al. 2008; Tsai et al. 2014) , yielding estimates for total dendritic material of around 1500-2000 µm in control animals, and 2000-2500 µm in stressed animals. Consistent with past work, the present Sholl analysis revealed a small but non-significant increase in dendritic material following stress, mostly between 100 and 200 µm from the cell soma. Overall, we found stress to cause a small, non-significant increase in dendritic material of approximately 500 µm, also similar to the magnitude of the effect seen in previous studies. However, the effect of stress was proportionally smaller (~ 8%) in the present study, given that the dendritic arbors were nearly 4 times larger (~ 6000 vs 1500-2000 µm), consistent with our past work (Ryan et al. 2014) . We contend that earlier Golgi-based studies under-reported overall dendritic length, either from cell selection bias or because thinly slicing tissue removes the majority of the dendritic arbor, and consequently over-emphasize the effect of stress on dendritic morphology. Interestingly, previous work in mice with a loss-of-function mutation knocked into the PDE4B gene has shown increased spine density in both hippocampus and amygdala (McGirr et al. 2016) ; however, our own electron microscopy studies of dendritic spines in the BLA following stress found no effect of stress on spine number or morphology (Hubert et al. 2014) . This leaves open the possibility that attenuation of PDE4 activity by itself is sufficient to elevate spine density, but in some circumstances, buffers against altered spine density through other mechanisms.
While many of the studies cited above employ stress paradigms of greater intensity or longer duration than ours, we believe it is unlikely that the relative intensity of stressors explains the effect size, as our stressor was notably sufficient to result in changes in affective behavior, and some of the earlier studies observed their effects using only mild (Brown et al. 2005) , or even single, acute stressors (Cui et al. 2008 ).
Concluding remarks
Our study suggests that modulation of PDE4 activity plays a major role in the response of the BLA to chronic stress. PDE4 is well situated to mediate changes to cellular physiology; as the major group of enzymes responsible for breaking down cAMP in the BLA, the molecule plays a central role in regulating the compartmentalization of postsynaptic cAMP signals. PDE4s are bound to scaffolding proteins like the A-kinase anchoring proteins (AKAPs; Fig. 8 ), which tether PDE4s and PKA near cellular membranes. During active cAMP signaling, cAMP levels rise and activate PKA, which phosphorylates PDE4, increasing its activity and activating a negative feedback mechanism which quickly returns cAMP levels to their basal state (Klussmann 2016) . Elevated expression of AKAP150 has been linked to the formation of associative memories, and blocking the binding of AKAP150 and PDEs with the Ht31 molecule impairs LTP and learning, including the consolidation of fear memories Nie et al. 2007; Nijholt et al. 2007; Moita et al. 2004) . PDE4 is also implicated in contributing to the β-arrestin-mediated switching of β-adrenergic signaling from G s -coupled to G i -coupled, which may be of great importance in the amygdala, considering the critical role β-adrenergic signaling plays in fear memory formation (McGaugh and Roozendaal 2002) . Finally, cAMP is further implicated in the formation of fear memory through its activation of cAMP Response Element Binding protein (CREB).
In the basolateral amygdala, fear memories are stored in an ensemble of neurons defined by their elevated expression of CREB during memory acquisition, and later ablation of these neurons can erase the memory [Josselyn 2010 ]. This study represents a major step forward in understanding the molecular and physiological response to chronic stress. Much remains to be learned about which specific connections are being remodeled in response to stress and about the dynamic response of PDE4 expression and activity to stress exposure. A fuller understanding of the topography of connectivity in BLA principal neurons will better allow us to evaluate the significance of the morphological changes we have observed. Based on our findings, and on the highly dynamic nature of PDE4's role in memory formation, we suggest that more study is needed to understand the dynamic role of PDE4 in mediating the stress response before effective therapies can be developed.
